Abstract: This study is devoted to investigate the effect of magnetic field on a reactive unsteady generalized Couette flow with temperature dependent viscosity and thermal conductivity. It is assumed that conducting incompressible fluid is subjected to an exothermic reaction under Arrhenius kinetics, neglecting the consumption of the material. The model nonlinear differential equations governing the transient momentum and energy balance are obtained and tackled numerically using a semi-discretization finite difference technique coupled with Runge-Kutta Fehlberg integration scheme. Important properties of the velocity and temperature fields including thermal stability conditions are presented graphically and discussed quantitatively. 
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Introduction
Studies related to hydromagnetic Couette flow in a rectangular channel with heat transfer assume significance due to its wide applications in numerous engineering and industrial flow processes such as magnetohydrodynamic (MHD) power generators, MHD pumps, accelerators, aerodynamics heating, electrostatic precipitation, polymer technology, petroleum industry, purification of crude oil and fluid droplets sprays and flow meter. The hydromagnetic Couette flow was studied by a number of authors [1] [2] [3] . Asghar and Ahmad [4] reported analytic solution for unsteady Couette flow in the presence of an arbitrary non-uniform applied magnetic field. The flow is induced by a generalized velocity given to the lower plate. The perturbed eigenfunction expansion method is employed to develop a series solution for small magnetic field. Chandran et al. [5] examined the effects of rotation on unsteady hydromagnetic Couette flow. The problem of oscillatory hydromagnetic Couette flow in a rotating system was studied by Singh [6] . Mandal et al. [7] investigated the combined effects of Coriolis force and Hall current on steady MHD Couette flow and heat transfer. Meanwhile, some of the fluid used in various engineering and industrial flow processes (e.g. water, hydrocarbon oils, polyglycols, synthetic esters, polyphenylethers, etc.) have variable physical properties and may exhibit exothermic reaction characteristic [8] . Moreover, when a fluid is sheared, some of the work done is dissipated as heat. The shear-induced heating gives an inevitable increase in temperature within the fluid. For example, water viscosity decreases from 1.79 cP to 0.28 cP in the temperature range from 0
•

C to 100
• C while its thermal conductivity exhibits increasing up to about 150
• C and decreasing thereafter [9] . Therefore, more accurate prediction for the flow and heat transfer can be achieved by considering the variation of the fluid physical properties with temperature. Attia [10] presented a numerical solution for unsteady MHD Couette flow and heat transfer of dusty fluid with variable physical properties. Makinde and Chinyoka [11] studied the combined effects of Navier slip and magnetic field on transient flows of conducting dusty fluid and heat transfer in a channel with variable physical properties. Recently, Makinde and Onyejekwe [12] reported a numerical solution for a steady state MHD generalized Couette flow and heat transfer with temperature dependent power law viscosity and electrical conductivity. It is noticed from the available literature that no analysis has been made yet on thermal decomposition of time dependent reactive hydromagnetic Couette flow with variable properties, such analysis will surely provide a better understanding on thermal stability condition of such reactive viscous flow system for safety during handling and effective operation. In the present work, the theoretical study Makinde and Onyejekwe [12] is extended to include the effects of magnetic field and temperature dependent variable fluid properties on a reactive unsteady Couette flow. The upper plate is moving with a constant velocity while the lower plate is kept stationary. An external uniform magnetic field is applied perpendicular to the plates, while no electric field is applied and the induced magnetic field is neglected by assuming a very small magnetic Reynolds number. The fluid is acted upon by a constant pressure gradient, both Joule and viscous dissipations are taken into consideration as well as internal heat generation due to exothermic reaction in the conducting fluid. The governing momentum and energy equations are solved numerically using semidiscretization finite difference [13, 14] technique coupled with Runge-Kutta Fehlberg integration scheme to obtain the velocity and temperature distributions as functions of space and time up till the steady state. This numerical solution proves the physical validity of the steady state solutions since they can be obtained via a time dependent process. In the following sections, the problem is formulated, analysed and solved. Pertinent results on the effect of various thermophysical parameters controlling the flow and thermal systems are displayed graphically and discussed quantitatively.
Model Description
The motion of an unsteady, laminar, incompressible reactive fluid with variable viscosity and thermal conductivity between two infinite horizontal plates located at the y=0 and y = a planes is considered (see Fig. 1 ). The fluid is assumed to be electrically conducting, while the channel walls are assumed to be electrically non-conducting and maintained at temperature T 0 which is also equal to the fluid initial temperature. A uniform transverse magnetic field of strength B 0 is applied normal to the flow direction and it is assumed that no applied or polarization voltage exists. When > 0 the upper plate at y = a begins to move in its own plane with a uniform velocity U and the lower plate at y = 0 remains fixed. The magnetic Reynolds number is assumed to be small so that Under these assumptions, the system of equations which models the problem under consideration in one dimension, is given by [3, [10] [11] [12] ]
The appropriate initial and boundary conditions are
where (x, y) are the distance measured in the axial and normal directions, T is the reactive fluid temperature, is the time, ρ is the fluid density, Q is the heat of reaction, A is the rate constant, E is the activation energy, R is the universal gas constant, C 0 is the initial concentration of the reactant species and cp specific heat at constant pressure. Following [10, 11] , both the fluid viscosity and thermal conductivity are assumed to vary exponentially with temperature such that
where the parameter may be positive for some fluids such as air or water vapor or negative for others like benzene, the parameter may take positive values for liquids such as water, benzene, or crude oil. In some gases like air, helium, or methane may be negative, i.e., the coefficient viscosity increases with temperature. We introduce the following dimensionless quantities into equations (1)- (6);
and obtain the dimensionless governing equation together with their corresponding initial and boundary conditions as
where δ, β, H , R , P , λ represent the thermal conductivity variation parameter, viscosity variation parameter, magnetic field parameter, Reynolds number, Prandtl number and Frank-Kamenetskii parameter. Other quantity of interest in engineering are the skin friction (C )a nd the Nusselt number (N ) which are define as
In the following sections, equations (8)- (12) are solved numerically using semi-discretization finite difference technique.
Numerical procedure
The model nonlinear initial boundary value problem in equations (8)- (12) is tackled numerically using semidiscretization finite difference technique known as method of lines [13] . Here, the spatial interval [0, 1] is partition into N equal sub-intervals base on a linear Cartesian mesh and uniform grid. The grid size and the grid points are define as ∆η = 1/N and η = ( −1)∆η, 1 ≤ ≤ N +1. The first and the second spatial derivatives in equations (8) and (9) are approximated with second-order central differences. Let W (τ) and θ (τ) represent W (η τ) and θ(η τ) respectively, then the semi-discrete system for the problem reads:
with initial conditions
The equations corresponding to the first and last grid points are modified to incorporate the boundary conditions as follows,
Equations (14) and (15) represent a nonlinear system of first order ordinary differential equations with known initial conditions in equation (16), the problem is then solved easily using available initial value problem solver such as Runge-Kutta Fehlberg integration scheme [14] . For a given set of parameter values, the reactive hydromagnetic Couette flow evolves in time until a steady state condition is achieved. From the process of numerical computation, the thermal stability property of the reactive MHD Couette flow under consideration is determined base on nonexistence of steady-state solution beyond certain value of Frank-Kamenetskii parameter . This characterizes the onset of thermal instability phenomenon or thermal runaway in the reactive flow system. The numerical values for thermal criticality conditions are presented in tabular form.
Results and discussion
The effects of various values of the thermophysical parameters on the fluid velocity, temperature, skin friction, Nusselt number and thermal stability condition displayed graphically in figures 2-13 and table 4. For numerical computation, the fluid Prandtl number is taken in the range of 1≤Pr≤10 which represent that of liquids like water with temperature dependent viscosity and thermal conductivity. Other parametric values are arbitrarily chosen and are meant to study their effects on the flow behaviour. It is very important to note that an increase in the value of β signifies a decrease in the fluid viscosity while an increase in value of shows an increase in the fluid thermal conductivity. The result in table 4 shows the effects of parameter variation on the thermal criticality values. This thermal criticality values characterized the onset of thermal runaway and instability in the reactive fluid under consideration. It provides an estimation of critical regimes separating the regions of non-explosive and explosive reactive flow system known as blowup. From this table, it is noteworthy that the magnitude of thermal criticality increases with increasing values of δ, ε and decreases with increasing values of Ha, β, Ec and P . This shows clearly that an increase in the fluid thermal conductivity together with a decrease in the fluid activation energy will enhance thermal stability of the reactive flow system while an increase in magnetic field intensity coupled with a decrease in the fluid viscosity may speedup thermal instability in the reactive Couette flow system. It is observed that low Prandtl number reactive fluids are more thermally stable as compare to high Prandtl number reactive fluids. This may be attributed the fact that as Pr increases, the fluid thermal diffusivity decreases, leading to accumulation of heat due to increasing viscous dissipation effect, leading to the appearance of thermal instability in the MHD reactive flow system. Moreover, it is seen that thermal instability is enhanced with an increase in both viscous and Joule heating.
Transient velocity and temperature profiles
Figures 2-4 show the time evolution of the velocity and temperature profiles across the channel for a fixed set of parameter values. The fluid velocity increases from its zero value at the lower fixed plate to its maximum value at the upper moving plate (see figures 2a) . Similarly, the fluid temperature is lowest at both plates satisfying the prescribed initial and boundary conditions, and increases to its steady state maximum value within the channel as illustrated in figure 2b . Meanwhile, an increase in time, increases the fluid velocity until a steady state is achieved as shown in figures 3a,b. It is observed from figure 4a,b that the fluid temperature in more pronounced near the upper moving plate for very small values of time. As the time increases, the fluid temperature increases with maximum value near the channel centreline until steady state is achieved. Moreover, it is clear from figures 3b and 4b that the velocity profiles W reaches the steady state faster than the temperature profiles. For instance, steady state temperature is attained at τ ≥ 3 5 3.5 for the set of parameter values Ec=Re=Ha=1, Pr = 7.1, λ=ε=δ=β=0.1, while for the same parameter values, steady state velocity is attained at τ ≥ 0 7. This is expected, since velocity W act as a source for the temperature. The thermal energy is transported by the flow and results in enhanced thermal profile. Moreover, it can be clearly seen the model energy equation (9) that both the fluid velocity and velocity gradient with respect to joule heating and viscous dissipation terms contribute additional heating source for the reactive flow system.
Steady state velocity and temperature profiles
Figures 5-7 illustrate the effects of parameter variation on the steady state velocity and temperature profiles. It is evident from figures 5a,b that fluid velocity increases within the channel, (below the prescribed upper plate velocity) with an increase in the magnetic field intensity (Ha). This happens due to the fact that, as Ha increases, the fluid flow towards the lower fixed plate increases due to an increase in resistance Lorentz force on the flow near the moving upper plate. Meanwhile, the fluid velocity slightly decreases near the lower fixed plate region and increases near the upper moving plate region with increasing values of Ec an β. This can be attributed to a decrease in the fluid viscosity, the fluid becomes lighter and flow faster near the upper moving plate, whereas, the boundary layer effect at the lower fixed plate causes a slight decrease in the velocity. An interesting phenomenon is observed in figures 6-7, which is that , the fluid temperature increases with increasing parameter values of Ha, Ec, Pr, λ but decreases with increasing values of β, δ. This may be explained by stating that, as Ha,Ec and Pr increase, the effects of both viscous and Joule heating on the flow system increase. Similarly, as λ increases, the internal heat generation within the flow system due to exothermic reaction increases, leading to a rise in the fluid temperature. Meanwhile, a decrease in the fluid viscosity coupled with an increase in the thermal conductivity may decrease the velocity gradient. Consequently, viscous heating effect decreases and the temperature drops.
Skin friction and nusselt number
Figures 8 -9 depict the effects of parameter variation of the skin friction. Generally, the skin friction is more pronounced at the lower fixed plate as compared to the upper moving plate. It is observed that increasing Ha, increases skin friction at the lower fixed plate and decreases skin friction at the upper moving plate. As the magnetic field intensity increases, the velocity gradient increases at the lower fixed plate and decreases at the upper moving plate due to the resistance effect of Lorenz force at the upper plate. It is interesting to note that the skin friction decreases both at the upper and lower plate surfaces with a decrease in fluid viscosity (see figure 8 ). This is because the fluid becomes lighter, leading to a decrease in the fluid velocity gradient at both plate surfaces. Similar trend is observed in figure 9with a decrease in skin friction as Eckert number (Ec) increases. This may be explained by stating that, increase in fluid temperature due to viscous heating may decrease fluid viscosity, since viscosity is temperature dependent. Consequently, the velocity gradients at both plate surfaces decrease. A slight increase in skin friction is observed with an increase in the fluid thermal conductivity. As expected, a fall in the fluid temperature due to a rise in thermal conductivity will enhance the fluid viscosity, leading to an increase in the skin friction. In figure 10-11 , it is observed that the rate of heat transfer at both plate surfaces decrease with increasing value of β and increases with increasing value of Ec. As fluid viscosity decreases, the fluid temperature decreases, leading to a decrease in the temperature gradient at both plate surfaces. Conversely, an increase in viscous dissipation increases the fluid temperature and the tem- perature gradient at both plate surfaces. Meanwhile, the heat transfer rate is more at the lower plate surface as compared to the upper moving plate surface. It is noteworthy that, Nusselt number increases at the lower plate and slightly decreases at the upper moving plate with increasing values of Ha as shown in figure 10 . An increase in H , increases the fluid temperature at the lower plate region (see figure 6a ), which in turn, increases the temperature gradient at the lower plate surface. Moreover, it is noticed in figure 11 that the rate of heat transfer at both plate surfaces is not appreciably affected with an increase in the fluid thermal conductivity. Figures 12 and  13 show that the thermal stable region exist for 0≤ λ<λ and there is a critical value c above which the reactive viscous flow becomes thermally unstable. It is clearly seen that the thermally stable region increases with increasing values of fluid thermal conductivity (δ) and the activation energy, (ε) as shown in table 4. Increasing exothermic re- 
Conclusion
Hydromagnetic reactive unsteady Couette flow with variable properties has been numerically investigated using semi-discretization finite difference technique coupled with fourth order Runge-Kutta iteration scheme. The effects of various thermophysical parameters on velocity, temperature, skin friction, Nusselt number and thermal stability conditions are accurately determined. Significant results are summarized as follows:
1. The velocity profiles reaches the steady state faster than the temperature profiles 2. The fluid temperature increases with increasing parameter values of Ha, Ec, Pr, λ but decreases with increasing values of β, δ.
3. The skin friction and Nusselt number are more pronounced at the lower fixed plate as compared to the upper moving plate.
4. Thermal stability is enhanced with increasing values of δ and ε, while the reactive flow may become 
